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Co/BaTiO3(001) is one of the most interesting multiferroic heterostructures as it combines differ-
ent ferroic phases, setting this way the fundamentals for innovative technical applications. Various
theoretical approaches have been applied to investigate the electronic and magnetic properties of
Co/BaTiO3(001). Here we determine the magnetic properties of 3 ML Co/BaTiO3 by calculating
spin-polarized electron diffraction as well as angle-resolved photoemission spectra, with both meth-
ods being well established as surface sensitive techniques. Furthermore, we discuss the impact of
altering the BaTiO3 polarization on the spectra and ascribe the observed changes to characteristic
details of the electronic structure.
I. INTRODUCTION
The combination of two ferroic phases may lead to new
materials with interesting behaviour and corresponding
applications which are based on the electronic and mag-
netic properties of their constituents. This special class of
materials is named multiferroics and was introduced first
in the 1960’s by Smolenskii and Venevtsev [1, 2]. In 1994
the interest in this topic has been renewed by H. Schmid
[3], who introduced first the synomym multiferroics.
For this class of materials one has to distinguish be-
tween the combination of two or more ferroic properties
in one single phase and the so-called multiferroic het-
erostructures. The latter ones are very interesting for
technical applications because their material properties
can be tuned by shaping the interface between the ferroic
phases according to the technical requirements. An es-
sential step in realizing such systems was the tremendous
progress in developing crystal grow techniques which al-
low the creation of defined interfaces [4]. Among the var-
ious multiferroic heterostructures which have been stud-
ied so far one promising candidate is the Co/BaTiO3
(Co/BTO) system [5]. In contrast to the well-established
multiferroic heterostructure 3 ML Fe/BTO the 3 ML
Co/BTO system has the advantage of ferromagnetic sta-
bility at room temperature [5].
In a recent publication it was shown that the inter-
face of Co/BTO is very similar to that of the intensively
studied Fe/BTO [5]. It was discovered in detail that the
coupling of the involved ferroic phases is caused by near-
est neighbor interaction at the interface. For the investi-
gated systems of 1, 2 and 3 ML Co/BTO the strongest
coupling was predicted for 2 ML Co. Similar to the mul-
tiferroic heterostructure Fe/BTO the system Co/BTO
opens the possibility to control the magnetic properties
of the Co layer changing the electric polarization of BTO.
The ferroelectric polarization could be altered using ex-
ternal voltage or stress. On the other hand it is possible
to change the magnetic moments (direction or magni-
tude) of the Co layers affecting this way the ferroelectric
polarization [6].
For the various properties predicted by theory a corre-
sponding verification by experiment is mandatory. A well
established way to do so is the use of spectroscopy. For
example, it was shown that using x-ray magnetic circular
dichroism (XMCD) and x-ray magnetic linear dichroism
(XMLD), it is possible to detect the altering of the BTO
polarization by investigating the magnetic properties of
Co [5, 7]. By comparing both methods it was shown that
XMLD reacts more sensitive on a change of the elec-
trical polarization. However, there exist other suitable
methods for studying magnetic and electronic properties
at surfaces, as for example, angle-resolved photoemission
spectroscopy (ARPES) or spin-polarized low energy elec-
tron diffraction (SPLEED). In this work we performed
first principles calculation for both methods to investi-
gate the surface magnetic properties of 3 ML Co/BTO
affected by an altering of the BTO polarization. The sur-
face sensitive SPLEED technique allows for a somewhat
indirect analysis of the coupling mechanisms at the inter-
face. ARPES on the other hand enables a detailed inves-
tigation of the surface and interface electronic structure.
Especially changes of the dispersion relation which occur
during a polarization change of the BTO can be quanti-
tatively monitored. To account for the high surface sen-
sitivity of both methods we used a fully relaxed surface
and interface structure for 3 ML Co/BTO. Our calcula-
tions have been done by use of fully relativistic multiple
scattering techniques in the framework of spin-polarized
density functional theory [8]. Therefore, all effects origi-
nating from spin-orbit coupling and exchange interaction
are treated on the same level of accuracy [8, 9].
The paper is organized as follows: In Sec. II we briefly
describe the theoretical methods used in this work, i.e.
the SPLEED and ARPES formalism. In Sec. III we dis-
2cuss our theoretical results and in Sec. IV we summarize
our findings.
II. THEORETICAL APPLICATION
As described in our previous work we use the layer-
KKR approach to the calculate the corresponding
SPLEED pattern [10, 11]. Within the scope of this
method a semi-infinite surface system is treated as a
stack of atomic layers using the so-called layer doubling
method [12]. For every specific atomic layer the mul-
tiple scattering of the incident electron has to be deter-
mined. The potentials needed for this computational step
have been taken from previous works [5, 13]. Based on
these potentials the single-site scattering matrices can be
evaluated, which are needed for the calculation of the so
called Kambe X-matrix [14], which determines the multi-
ple scattering in a specific layer. In a last step inter-layer
scattering has to be considered. With the determination
of both scattering mechanisms one can calculate the so-
called bulk reflection matrix, which represents the scat-
tering of an electron from a semi-infinite stack of atomic
layers [10, 15].
The self-consistent calculation of the electronic struc-
ture has been done for a half-space which consists out of
four unit cells of BTO, i.e. beyond this bulk properties
have been assumed. With respect to a transition from
the inner BTO potentials to the surface the electronic
structure was allowed to relax. This guarantees a realis-
tic description of the electronic structure at the interface
and surface. Similar to our investigations done for the
multiferroic heterostructure Fe/BTO the calculations are
based on the tetragonal distorted structure of BTO. In
this phase (P4mmm) the BTO has a permanent electri-
cal polarization originating from a shift of the Ti and O
atoms [16]. For BTO we assumed a lattice constant of
3.943 A˚ [13].
The relaxed crystal structure at the interface was de-
termined using the VASP code [5, 17, 18]. We applied
the resulting crystal structure and the the correspond-
ing self-consistent potentials as input quantities for our
fully relativistic multiple scattering formalism to calcu-
late the density of states (DOS), the SPLEED pattern
and ARPES intensities [8].
The scattering process itself includes different param-
eters. The most important one is the location of the
scattering plane with respect to the sample surface. The
scattering plane is defined by the wave vectors of the inci-
dent and scattered electrons. Additionally, the direction
of the surface magnetization and the polarization of the
incident electron have to be defined. In our calculation
both have been aligned perpendicular to the scattering
plane. As can be shown by symmetry considerations for
this setup exchange and spin orbit scattering contribute
both [19]. With respect to the used scattering configura-
tion one has to calculate four reflectivities for all combi-
nations of the electron polarization and the surface mag-
netization (Iσµ ) [15, 19]. The indices µ and σ represent
the surface magnetization direction and the electron po-
larization, respectively. Based on these quantities the
effective reflectivity Ieff can be calculated via:
Ieff =
1
4
(I++ + I
−
+ + I
+
−
+ I−
−
) (1)
The reflectivities (Iσµ ) enable the calculation of ad-
ditional observables measured in the experiment, i.e.
spin-orbit asymmetry, exchange asymmetry and figure
of merit. The exchange asymmetry is defined as:
Aex,+ =
I++ − I
−
+
I++ + I
−
+
. (2)
The plus index at Aex,+ indicates here a fixed magneti-
zation direction along [100]. For all following calculations
the magnetization was oriented along this direction.
Additional quantities which are important for the cal-
culation of SPLEED patterns determine the escape of the
electron into the vacuum, i.e. the work function and the
surface potential barrier. For the work function we as-
sumed the value 4.7 eV, which has shown to be reasonable
for diffraction calculations on similar systems [20]. This
choice is close to the experimental value of 5.0 eV [21].
Concerning the surface barrier we have taken a param-
eterization based on Rundgren and Malmstro¨m [22, 23].
This type of surface barrier was applied in the past suc-
cessfully to a variety of transition metal systems. Using
the method described so far we have calculated SPLEED
patterns for a wide range of kinetic energies and polar an-
gles for both polarization directions of BTO (Pup, Pdown).
The ARPES calculations have been performed in the
framework of the so-called one-step model [12, 24]. In
contrast to the three-step model which treats the electron
emission in different steps in the electron emission, i.e.
excitation of the electron, travel of the electron through
the solid to the surface, emission of the electron into the
vacuum, all excitation steps are explicitly included in the
one-step model. Beside the three-step model neglects
several effects important for the theoretical description
of the photoemission process. As for example the in-
terference of surface and bulk emission, the interaction
of the photoelectron with atoms during the transport to
the surface and a proper description of the transition
process of the electron into the vacuum. For a more
detailed description of the ARPES calculations see for
example [25, 26]. We investigated a fully relaxed sur-
face and interface structure with an (001) orientation of
BTO. The crystal and electronic structure has been in-
vestigated in detail in previous works [5]. Here we sum-
marize only some essential structural parameters for the
3 ML Co/BTO interface (see Tab. I). In Fig. I the
corresponding structure at the interface of the Co/BTO
system is shown schematically.
3FIG. 1. Crystal structure of 3 ML Co/BTO. The non-
equivalent atomic sides have been indicated by name (not
shown CoTi located on top of the Ti atom, color online).
Pup Pdown
O-CoO 1.829 1.827
I-II 1.179 1.183
II-III 1.153 1.154
Ti-CoTi 3.014 3.094
TABLE I. Atomic layer distances for the interface of 3 ML
Co/BTO. The distances are given in units of (A˚) [5]. Both
polarization directions of BTO are shown. BTO polarization
pointing in surface direction (Pup). BTO polarization point-
ing in substrate direction (Pdown). (I: Co layer on top of
BTO, II: second Co layer, III: third Co layer representing the
surface).
The crystal structure of the Co/BTO system shows
many similarities when compared to the Fe/BTO system,
which was investigated in previous studies [7, 11, 27].
The first Co layer (CoO) is placed on top of the O atoms
of the Ti-O terminated BTO surface. In the second Co
layer two non-equivalent Co positions occur. The first
position is on top of Ti (CoTi) and the second position
is on top of Ba (CoBa). According to previous studies
the largest changes when switching the BTO polariza-
tion result for Ti at the interface inducing a large dis-
placement of the CoTi atom [28]. Therefore, the interac-
tion of the CoTi atom with the BTO substrate dominates
the coupling between the ferroic materials and gives the
main contribution to changes in the electronic structure
when altering the BTO polarization. The third Co layer
(CoI) is placed on top of the interfacial O atoms. Con-
cerning theses structural details 3 ML Co form an un-
usual tetragonal distorted based centered crystal struc-
ture with electronic properties that are closely related to
3 ML Fe/BTO [27].
III. RESULTS AND DISCUSSION
Due to the exchange scattering the magnetic properties
at the Co surface are essential for our SPLEED calcula-
tions. The magnetic moments at the surface are affected
by the reduced number of nearest neighbors and by hy-
bridization effects with atoms at the interface. It has
been shown that the magnetic properties depend on the
number of Co layers on top of BTO [5]. For the systems
investigated so far (1, 2, 3 ML Co/BTO) a ferromag-
netic ground state occurs. In actual investigations an
in-plane configuration for 2 ML Co/BTO was predicted
[5]. Beside this it was shown that the Co spin magnetic
moments are strongly affected by the geometry of the Co
films [5]. Especially, the Co spin magnetic moments are
influenced by the hybridization of the Co 3d states with
states of the substrates atoms. It was shown that the
spin magnetic moment for 3 ML Co/BTO are quenched
for all three atomic layers which is based on the lower
volume of the Co atoms according to the relaxed crystal
structure [5].
In Fig. 2 the SPLEED patterns for reflectivity (top
row) and exchange asymmetry (bottom row) are shown.
Both quantities have been calculated for an upward (in
surface direction) oriented polarization of BTO (left col-
umn) and a downward oriented polarization of BTO
(right column).
FIG. 2. SPLEED pattern for 3 ML Co/BTO. Reflectivity
(top panel) and exchange asymmetry (bottom panel, values
given in (%)). The plane of incidence was aligned along the
[010] direction the magnetization of Co along [100]. Left: The
polarization of the BTO is directed towards the surface (Pup).
Right: The polarization of the BTO pointing in opposite di-
rection (Pdown) (color online).
As shown in Fig. 2 a dependency of the SPLEED
pattern on the surface magnetization (i.e. the BTO po-
4larization) occurs. For kinetic energies less than 6 eV
the reflectivity contains large changes when switching the
BTO polarization. This is in contrast to higher kinetic
energies where the reflectivity is less sensitive to a BTO
altering. This result is related to the coupling of incident
electrons to bands which disperses perpendicular to the
Co(001) surface. Depending on the band dispersion along
the normal vector of the (001)-plane and the kinetic en-
ergy of the incident electron a coupling is possible or not
[29]. Without coupling a large reflectivity results, with
vanishing coupling the intensity of the reflected electrons
decreases.
The reflectivity pattern decompose in two main parts.
Below 6 eV a high reflectivity occurs whereas for higher
kinetic energies the reflectivity decreases. In addition,
below 6 eV switching the BTO polarization has a higher
impact on the effective reflectivity. This is caused by a
higher sensitivity of electrons with lower kinetic energy
to changes in the magnetic properties at the surface. Ac-
cording to Fig. 2, electrons with kinetic energies above 8
eV can couple with states inside the crystal resulting in a
decrease of the effective reflectivity. In addition electrons
with higher kinetic energy are less sensitivity to changes
of the surface magnetization. For the Co/BTO system
one can therefore expect that both effects contribute to
the resulting SPLEED patterns.
In Fig. 2 (bottom panel) the exchange asymmetries
are presented. The exchange asymmetry gives a more de-
tailed picture with additional information concerning the
magnetic properties. This is due to the loss of informa-
tion when calculating the effective reflectivity averaging
over the individual spin-dependent electron beams. In
the exchange asymmetry pattern, especially for higher ki-
netic energies (12-16 eV), pronounced changes in the po-
larization are visible. Additionally, the exchange asym-
metry alters for low kinetic energies (≤ 4 eV). Therefore,
the incident electron is affected by a change of the surface
magnetization over the total kinetic energy range.
In principle the occurrence of an exchange asymmetry
indicates an energetically split unoccupied band struc-
ture [30]. These exchange-split unoccupied bands are
distinguishable via SPLEED. In Fig. 2 the red areas
represent a parallel alignment of electron spin and sur-
face magnetization whereas the blue areas stand for an
antiparallel alignment. For special regions with positive
(red) or negative (blue) exchange asymmetry the inci-
dent electrons can couple to majority or minority bands.
According to the definition of the exchange asymmetry
positive values correspond to a reflection of the incident
electron from the majority (spin up) states. For example,
with respect to kinetic energy and polar angle a parallel
alignment of the electron spin and the surface magnetiza-
tion (red areas) results in a coupling of the incident elec-
tron to the minority bands whereas the coupling to the
majority bands is less pronounced. Therefore, the reflec-
tivity of electrons with parallel aligned spin and surface
magnetization is higher than for an antiparallel align-
ment resulting in a positive exchange asymmetry. At
band gaps and band crossings the exchange asymmetry
is zero. Based on this information it becomes extractable
which spin projected bands have been affected signifi-
cantly by a change of the BTO polarization. In Fig. 2
it can be seen that for kinetic energies of 14 eV and a
polar angle of 60 deg a change of the BTO polarization
affects the exchange asymmetry strongly. In this energy
range the scattering is mainly due to majority bands (red
color). For kinetic energies of 12 eV the same is visible
for scattering at minority bands (blue color). Due to
the fact that the splitting of the unoccupied states are
related to the exchange splitting of the occupied states
the SPLEED exchange pattern gives a fingerprint of the
magnetic properties at the surface influenced by the BTO
polarization.
In addition we calculated angle-resolved photoemission
spectra for 3 ML Co/BTO to visualize the impact of the
BTO polarization for a sample path along the H-Γ-H di-
rection along the surface Brillouin zone. The correspond-
ing results for the two polarization directions of the BTO
are shown in Fig. 3.
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FIG. 3. One-step calculation of photoemission spectra for
3 ML Co/BTO. The calculations assume normal incidence, a
photon energy of 60 eV and a [100] magnetization direction for
the Co layers. Left: The polarization of the BTO is directed
along the surface normal (Pup). Right: The polarization of
the BTO is directed in opposite direction (Pdown).
The different polarizations at the interface strongly in-
fluence the band dispersion. The main changes in the
dispersion relation by altering the BTO polarization are
visible at the Fermi energy. This reflects the changes
of the magnetic properties due to a coupling between
Co and BTO. Below -5 eV the band dispersion includes
bands with quadratic k dependence as expected from free
electron-like behaviour. Above -5 eV the bands show the
typical dispersion of d bands for transition metals, i.e. a
small band width resulting in high photoemission inten-
sities.
The band dispersion is closely related to the effective
mass of the electrons representing the interaction with
5ion cores. For a large interaction the effective mass be-
comes large with respect to the free electron mass result-
ing in a small bandwidth [31]. These band dispersions
are visible above -5 eV. Additionally, to the ARPES band
dispersions we calculated the DOS for the Co/BTO sys-
tem. In Fig. 4 we plotted the results for atoms at the
interface (BTO Pup).
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FIG. 4. DOS for Co/BTO(001) for the various atomic types
near the interface. The polarization of the BTO is directed
along the surface normal (Pup). (color online)
Comparing the calculated ARPES spectra (left side,
Pup) with the plotted DOS it is visible that the main
contribution to the bands in the energy range from -2
eV to -4 eV originates from O p states, Co d states and
a small contribution of Ti d states. A hybridization be-
tween these states is visible. In contrast the bands at the
Fermi level are mainly Co d states. The appearance of
Co d states from -6 eV to 1 eV is due to the exchange
splitting, i.e. the spin magnetic moment of Co. With re-
spect to Fig. 4 the main contribution to the unoccupied
states arises from d states of Ti (≈ 3 eV) and d, f states
of Ba (≥ 6 eV). It is also visible that the magnetic prop-
erties of the Co/BTO system can be related to the Co
atoms where for Ti and O due to hybridization effects
a small magnetic moment is induced [5]. As has been
shown in our previous work on Fe/BTO it is reasonable
to assume that the incident electron interacts only with
the first atomic layer of Co. Therefore, the induced mag-
netic moments for Ti and O can be neclegted concerning
the interpretation of the characteristic structures in the
SPLEED pattern.
In previous works the coupling mechanism at the inter-
face was investigated via XMCD and XMLD [5, 7, 13].
Similar to these methods SPLEED probes the unoccu-
pied states [30]. In contrast to XAS where the transi-
tions involve electronic states just above the Fermi energy
in SPLEED the electrons have to eject into the vacuum
passing the surface potential. In Fig. 3 this corresponds
to an energy of 4.7 eV above the Fermi level. As visible
in the ARPES spectra above 5 eV large changes occur in
the band dispersion when switching the BTO polariza-
tion. This is the origin of the changes in the exchange
asymmetry enabling a high sensitivity for the investiga-
tion of the ferroic coupling at the interface.
IV. SUMMARY
We have used a fully relativistic multiple-scattering
technique to calculate SPLEED pattern and ARPES in-
tensities for the multiferroic system 3 ML Co/BTO(001).
We have investigated the impact of switching the BTO
polarization on the exchange scattering and on the re-
sulting ARPES spectra. We have shown that both meth-
ods are sensitive to the BTO polarization, giving the op-
portunity for experimental investigations on the coupling
mechanisms for this multiferroic heterostructure.
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